Abstract: An important parameter in the hydraulic design of refrigeration and air-conditioning systems is the two-phase flow pressure drop. In this paper, the authors compare the numerical results obtained by using seven two-phase pressure-drop models with the experimental results found in the scientific literature, for the condensation of R600a and R717 (Ammonia = NH3) in horizontal tubes. Different mass flow rates and different conditions have been considered in order to see which correlation is applicable under specific operation conditions.
Introduction
In many thermal systems (like power steam or geothermal plants), an important parameter in the design is the pressure drop for the two-phase flow [1] . Another important area of applications concerns the refrigeration and the air-conditioning systems.
The present study uses the two-phase frictional pressure-drop correlations that are frequently used in the corresponding scientific literature [2] . In this respect, the: 1) homogeneous, 2) Lockhart-Martinelli Jung & Radermacher models are used, in order to compare them, to see which correlation is applicable under specific operation conditions.
The friction factor
All the models and correlations used for predicting the pressure drop in tubes use the friction factor formulation. The most common friction factor is the Fanning friction factor, which is defined as the fraction: 
It must be mentioned that in some research papers, especially in the heat-transfer literature, the Darcy-Weisbach friction factor is used instead of the Fanning friction factor. In this respect, the fact that the Darcy-Weisbach friction factor is related to the Fanning friction factor must be taken into account, as:
(2) The equations must be further modified accordingly.
Usually, for normal tubes, the Fanning friction factor can be predicted by using different equations for each regime, as the Hagen-Poiseuille correlation for laminar flow and the Blasius correlation for turbulent flow, with a transition region between the laminar and the turbulent flow: (4) However, it must be noted that each model or correlation uses a specific friction factor correlation or specific limits.
Models and correlations analyzed in this study

The homogeneous model [1, 2]
In the homogeneous model, the two-phase flow is treated as an equivalent single-phase flow, having the specific volume of the mixture (two-phase gas-liquid flow) defined as:
and, therefore, the density of the mixture:
(6) The Reynolds number is determined using a homogeneous mixture dynamic viscosity:
the dynamic viscosity of the mixture is, after McAdams:
The friction factor is considered as: 
The Lockhart-Martinelli separated flow model [3, 4]
Lockhart and Martinelli (1949) [3] proposed the concept of different two-phase friction multipliers (for gas and for liquid), identified as The pressure drop is then given by:
The two-phase friction multipliers were initially given in a graphical form, and then expressed by Chislom [4] as the following dependence:
where the Lockhart-Martinelli parameter X is defined as:
The Chisholm parameter depends on the specific liquid/gas viscous/turbulent regime: 
The liquid and gas Reynolds numbers are determined by using the corresponding mass flow rate per unit area:
The Friedel model [5]
Friedel proposed a liquid-only multiplier for the frictional pressure drop:
The multiplier is expressed as a function of gas/liquid properties, of vapour mass quality and of gravity and surface tension effects, by using the Froude and Weber numbers:
The Froude and the Weber numbers are expressed using the homogeneous mixture density: This model introduces the dependence on the Bond and Weber number, as a correction of the homogeneous model:
where the correction factor is: 
The Weber number is considered with the homogeneous mixture density:
The Cavallini model [7]
This model uses the form of the equation (18), however the two phase multiplier correlation is given as a function of vapour and liquid properties, of vapour quality, of reduced pressure R p and of the entrained liquid fraction E :
(27) where:
The friction factor (for surfaces with negligible surface roughness) is calculated as:
, for any number
The liquid entrainment ratio E is calculated following Paleev and Filippovich (1966) : 
E E E E
(32) The superficial gas velocity G j is determined as:
(33) The homogeneous gas core density is defined also as a function of the liquid entrainment ratio E :
which means that equations (31) and (34) must be solved together, as a nonlinear equation, using an iterative approach. The correlation applies only if the dimensionless gas velocity 5
, where the dimensionless gas velocity is determined as: (25) If , the Friedel model is used instead.
The Müller-Steinhagen & Heck model [8]
The Müller-Steinhagen & Heck approach consider a combination of each phase only flow, further identified by the subscript .
The corresponding Reynolds number is determined with the total mass flow rate per unit area:
The friction factor is calculated as: (36) The pressure drop for each phase results:
(37) Finally, the pressure drop for the two-phase flow is evaluated as: (38)
The Jung & Radermacher model [9]
This approach considers the pressure drop associated to the liquid phase only flow, corrected by a corresponding multiplier, as expressed by equation (18).
The liquid only flow pressure-drop multiplier is given as a function of the vapor mass quality and of the Lockart-Martinelli turbulent-turbulent parameter:
(39) The expression for the Lockart-Martinelli turbulent-turbulent parameter is:
Comparison with experimental data
Comparison with experimental data of Dalkilic (2010) [10]
First experimental data set used for comparison concerns the annular flow condensation of R600a in a horizontal tube at low mass flux [10] . Table 1 The experimental versus numerical frictional pressure drop, experimental data of Dalkilic (2010) 
The specific conditions, the experimental data, and the numerical results are presented in Table 1 .
The calculation pressure drop versus the experimental pressure drop is represented in figures 3  and 4 , where the ± 30 % error lines are shown. A general observation can be made, that is, models usually follow the trend of the experimental data, however in a quite different slope. Another observation concerns the fact that in this application the models under-estimate the experimental pressure-drop. Finally, there are strong connections between parameters, so a multi-criterial approach should be used; however, for such analysis, supplementary parametric variations of the experimental data are needed. 
Comparison with experimental data of da Silva Lima (2009) [11]
Another experimental data set used for comparison concerns the condensation of R717 (Ammonia = NH3), flowing in a horizontal smooth tube.
The comparisons of the experimental and the numerical results are shown in figures 7-10, for different condensation temperatures and total mass fluxes per unit area. On an overall basis in the 0.1…0.6 range, the Cavallini correlation (which completes the Friedel correlation) gives the best approximation of the da Silva experimental data. One can also observe that Lockhart-Martinelli also gives a good overall approximation.
Conclusions
The present study concerns the comparison of the numerical results regarding the two-phase pressure-drop in pipes with the experimental results found in the scientific literature, for the condensation of R600A and R717 in horizontal tubes, in different operation conditions. The study reveals the behavior of the considered models and the importance of the value of the vapour mass quality. The overall behaviour of the models has been also analyzed.
